The high-temperature-water corrosion performance of hafnium is evaluated. Corrosion kinetic data are used to develop correlations that are a function of time and temperature. The evaluation is based on corrosion tests conducted in out-of-pile autoclaves and in out-of-flux locations of the Advanced Test Reactor (ATR) at temperatures ranging from 288°C to 360°C. Similar to the corrosion behavior of unalloyed zirconium, the high-temperature-water corrosion response of hafnium exhibits three corrosion regimes: pretransition, posttransition, and spalling. In the pretransition regime, cubic corrosion kinetics are exhibited, whereas in the posttransition regime, linear corrosion kinetics are exhibited. Because of the scatter in the spalling regime data, it is not reasonable to use a best fit of the data to describe spalling regime corrosion. Data also show that neutron irradiation does not alter the corrosion performance of hafnium. Finally, the data illustrate that the corrosion rate of hafnium is significantly less than that of Zircaloy-2 and Zircaloy-4.
Introduction
The US Department of Energy (DOE) has been tasked with the establishment of a long-term disposal capability of spent fuel from nuclear reactors. The primary function of the repository is to ensure that the environment is protected by delaying and controlling the release of radioactive material. Initially, disposal canisters will provide the primary barrier to the release of radioactive material. In addition to the disposal canisters, Zircaloy fuel cladding provides a significant additional barrier for Naval fuel.
Hillner et al. [Reference (1) ] recently reported on Zircaloy corrosion based on long-term Zircaloy autoclave corrosion data. These data were used to estimate the amount of corrosion that may be experienced by spent Zircaloy-clad fuel assemblies during long-term exposure to geologic repository conditions.
To ensure adequate reactivity control, hafnium may be inserted into fuel assemblies. In some cases, this hafnium could be irradiated. As is the case for Zircaloy cladding [Reference (1) 
AW'=2 XW'(exp -~~30)1n[1+(77(
-2~;62)}J.
(1) (LiW'y = (6X10-2 exp -1~~411} + a(T), (2) and LiW' = (6XIO-2 exp -1~~048)t +b(T) (3) where LiW' is the oxygen weight gain in units of gm/cm 2 , t is the time in minutes, R is the gas constant (in Joules/molrK), T is the temperature in OK, and a and b are temperature-dependent constants. The logarithmic and parabolic empirical relationships are correlated with the formation of compact oxides, while the linear rate empirical relationship is associated with a layered porous scale. Parabolic
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The examples cited above suggest that hafnium has a high resistance to corrosion; however, there are little published corrosion data from systematic studies to use in aqueous corrosion rate correlations.
The use of the available published kinetic data obtained from elevated temperature experiments conducted in gaseous environments in predicting the corrosion behavior of hafnium at lower temperatures in aqueous environments requires significant extrapolations due to the vastly different environmental conditions. Lower-temperature water corrosion data would reduce the extrapolation. To provide a basis for evaluating the corrosion behavior of hafnium in a repository environment, correlations of hafnium corrosion are developed from corrosion data generated by the Bettis Atomic
Power Laboratory in high-temperature-water environments. These data were generated from tests that have been conducted over the last twenty-five years with accumulated exposure times up to sixteen years. The results of this analysis are presented below.
Experimental

Specimens
Corrosion tests were conducted on fully annealed and recrystallized specimens fabricated from material that meets or exceeds the chemical composition of ASTM B 776, nuclear grade (R1) hafnium.
Corrosion specimens were made from nine different ingots, for which the compositions are listed in Table 1 . the corrosion data were obtained with specimens of three different sizes (Table 2 ). In addition, four different prefilm conditions (Table 3) were tested. Prior to prefilming or testing (in the case for specimens tested without any prefilm), the specimens were pickled to a bright surface finish in a bath comprised of approximately 39 vlo nitric acid, 3 vlo hydrofluoric acid and the balance water.
The specimens were pickled long enough to ensure that approximately 50 microns of material were removed per surface.
Corrosion Tests
Isothermal corrosion tests were conducted either in static autoclaves or in flowing test loops in the 1 Advanced Test Reactor (ATR) in out of neutron flux (OOF) positions . Corrosion data were obtained from fifteen autoclave and twelve ATR tests that included a total of 129 coupons. The autoclave tests were conducted at one of four nominal temperatures; 288°C, 316°C, 338°C, and 360°C. The ATR tests.were conducted at one of three nominal temperatures; 310°C, 332°C, and 354°C. All tests, in both the static autoclaves and ATR, were conducted under subcooled, pressurized water conditions. A summary of the materials and test conditions that were evaluated is provided in Table 4 . With two 1Although other hafnium coupons were exposed to neutron fluxes, corrosion data could not be obtained via weight gain measurements due to the fact that the most significant contributor to the observed weight gain would have been caused by neutron absorption.
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exceptions, all tests were conducted in water in which 1) the room-temperature pH was maintained between 10.1 and 10.3, 2) the oxygen content was less than 20 ppb, 3) the hydrogen content was maintained between 10 cc H 2 /kg H 2 0 and 60 cc H2/kg H 2 0 and 4) the conductivity was maintained between 20 J,tS/cm to 80 J,tS/cm. Tests numbered 5 and 6 were conducted in deionized, degassed water, at a room-temperature pH of 7. During the course of the corrosion tests, the corrosion coupons were periodically weighed to determine the corrosion weight gains. Hafnium is such a corrosion resistant material that the magnitudes of weight gain measurements are very small. A weight gain of 1 mg/dm 2 corresponds to a weight increment on the specimen of approximately 0.1 mg. As the data were obtained with four-place balances, measurements were of the same order of magnitude as the uncertainty in the balance.
Results and Model Development
Observed Behavior
Hafnium is in the same group in the periodic table as zirconium, and like zirconium it forms only one stable oxide, Hf0 2 • In water, the formation of the corrosion film, Hf0 2 , can be described by the following reaction:
Assuming that all the oxygen generated via Equation (4) reacts with hafnium to form a uniform, adherent, stoichiometric, non-porous oxide layer, the oxide film thickness can be estimated from the weight gain of the corrosion specimen 2 . During the course of each test, periodic weight measurements were recorded. The data for each of the tests listed in Table 4 are tabulated in the Appendix.
An example of the hot-water corrosion behavior of hafnium is illustrated in Figure 1 for samples exposed in an autoclave at 360°C in pH 10 water. In the first approximately 500 days of testing, the weight changes are relatively small and well behaved, implying that the oxide scale is adherent and protective. Over the subsequent 1700 days of testing, a significant range of variability and increase in data scatter is observed. The weight loss is caused by spalling, and the variability in weight change results from the variation in spalling with time. The behavior shown in Figure 1 is typical of the corrosion behavior that was observed at other temperatures in both autoclave and ATR test environments. Based upon the test data presented in Table 4 and the Appendix, the hot-water 2 2 14.7 mg/dm of weight gain =1~m of oxide growth =0.6~m of metal consumed.
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corrosion of unalloyed hafnium displays three distinct kinetic regimes, and two distinct transition points.
These regimes and transition points are schematically illustrated in Figure 2 and are described as follows:
1. During the first regime, the oxide film weight-gain rate decreases with exposure. This suggests that the oxide film serves as a protective adherent barrier to the further corrosion of the hafnium metal substrate. Visually, the corrosion coupons exhibit a multicolored, iridescent, semitransparent film in the early stage of exposure. The color changes to a lustrous black in the later stage. The oxide film in this regime grows approximately in accordance with a cubic rate relationship. The regime is referred to as the pretransition regime.
2.
The pretransition and posttransition regimes are separated by the first transition point or transition time.
3.
In the posttransition regime the corrosion kinetics are best described as linear. That is, the corrosion rate is constant. The oxide film exhibits a combination iridescent, semigloss light gray finish.
4.
The second transition demarks the start of the oxide spalling regime.
5.
The spalling regime is characterized by weight loss and a significant amount of weightchange variability. The corrosion film in this regime exhibits a matte gray appearance and is powdery and can be removed with minimal effort. In this regime small levels of spalling can result in relatively large changes in weight change. This is because weight gains involve only the uptake of oxygen, whereas weight loss involves both oxygen and hafnium (in the form of Hf0 2 ) and the fact that hafnium is much heavier than oxygen. For example, a weight loss of 10 mg/dm 2 from a sample that had a corrosion weight gain of 10 mg/dm 2 would require only 15 percent of the oxide film to have spalled from the surface. Scanning electron microscopy has shown that hafnium oxide spalling consists of a fracturing of the oxide into small pieces.
With the exception of the magnitude of the weight gains being less, the corrosion behavior of hafnium in high-temperature water between the temperatures of 260°C to 360°C is very similar to that of crystalbar zirconium [Reference (12)1: In .early stages of exposure, crystal-bar zirconium develops a lustrous black, tightly adherent corrosion film. At some point during the exposure, a rapid increase in the corrosion kinetics is observed with crystal-bar zirconium, coincident with the formation of a white corrosion product, which is followed shortly by the loss of oxide through spalling.
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Method of Data Analysis
Some samples had oxide films, Le., prefilms. at the start of the tests and some did not. To take into account the effect of prefilming, adjustments were made to the specimen exposure times. This was done to effectively reference the start of each test at time, t =O. Using an initial estimate of the pretransition corrosion rates, which were later refined by iteration, the number of equivalent days of exposure at any given test temperature was calculated from the average prefilm weight. For specimens in which no prefilms were applied, no adjustments were made to their exposure times.
The corrosion kinetic data obtained from each of the tests were analyzed to determine best-fit correlations in both the pretransition and posttransition corrosion regimes. In addition, the times to the first transition (Tn) were correlated as a function of temperature. The analyses were conducted using a variety of software packages. The SOLO statistical software package was used to determine the delineation between the pretransition and posttransition regimes, Le., the times to transition, whereas LOTUS 1-2-3 and SigmaPlot 4.0 were used to determine the best-fit correlations of corrosion weight gain as a function of exposure time. In each of the tests as identified in Table 4 . correlated fits were made through the averaged weight gain data for each time interval. The pretransition correlations were made on measurements obtained prior to the time-to-transition, whereas the posttransition correlations were made on measurements obtained between the time to transition and the onset of spalling as indicated by weight losses. The method by which the time to transition, which delineates the pretransition and posttransition corrosion regimes, was obtained is described below.
In general, at any given temperature, the kinetics of corrosion can be described by the empirical
where LlW is the weight gain per unit area of the original surface in units of mg/dm 2 , t is the exposure time in days, and nand k are constants for a given temperature [Reference (13»). When n is equal to 3, the rate equations are said to be cubic; when n is equal to 2, the rate equation is said to be parabolic. and when n is unity, linear kinetics occur. In the last case, the oxidation process is considered to be nonprotective. As the protective nature of the oxide increases.
the value of the exponent n increases. In the correlations described below, only corrosion-kinetic data that are in the pretransition and posttransition corrosion regimes are evaluated. Data that are within the spalling regime are excluded from the analysis.
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Pretransition Correlations
The pretransition corrosion kinetics at a given temperature .are approximated by the general equatioñ
where k ' c is an empirical constant, which is termed the pretransition rate constant, and n is a constant that is greater than 2. The constants of the applicable rate equations are determined by using the logarithmic form, log~W = log k ' c + lin log t. Table 5 . The exponents n ranged from 2.60 to 3.63,averaged 3.08, and did not appear to be a function of temperature. In developing a correlation to be used for engineering purposes, it is assumed that the exponent is a constant, and that the best fit is a cubic correlation, (Le., n =3), for each of the tests evaluated. Based on a value of n equal to 3, each of the coefficients k ' c were normalized. This normalization was done by forcing the correlation for each test to fit through the averaged coupon weight gain at the last examination time in the pretransition regime. The resulting normalized coefficients, k " c also are listed in Table 5 .
The corrosion-kinetic variation with temperature is modeled as a multiplier, Le., rate constant to the 
From Equation (5) an activation energy, Q, of 148.3 kJ/mole is obtained.
Posttransition Correlations
Data in the posttransition corrosion regime are described by linear corrosion kinetics. That Table 6 . As is the case for the pretransition corrosion regime, the corrosion kinetic variation with temperature is modeled as a multiplier to the time variable, Le., k
In Figu,re 4 the natural logarithm of the linear rate constant vs. inverse temperature (OK) is plotted. Based on a linear regression analysis, the following correlation is obtained,
From Equation (7), an activation energy of 92.6 kJ/mol is derived.
Time to Transition, TTT
As shown above, the corrosion of hafnium is characterized by the initial formation of a thin, iridescent, tightly adherent oxide film, corresponding to an approximately cubic rate relationship behavior up to a weight gain of 7 mg/dm 2 to 10 mg/dm 2 (0.5 J-lm to 0.7 J-lm of oxide). Further exposure beyond this point produces linear kinetics. The point on the corrosion weight gain curve where the cubic and linear portions of the corrosion kinetics curve intersect is termed "transition" [Reference (12)]. In determining the time to transition, use was made of the fact that, at any given temperature and pH, the tests listed in Table 4 were conducted in the same autoclave or ATR loop. Thus, the tests described in Table 4 were catergorized into groups. For each group3, the averaged weight gain vs. time data (for each of the tests within that group) were incorporated into a single spreadsheet file and analyzed using the SOLO statistical software package. From this method of grouping and analysis, the time-to...:transition data listed in Table 5 were obtained.
A plot of the natural log of the time to transition values, as listed in Table 5 , versus inverse temperature is shown in Figure 5 . The expression for the time to transition correlation plotted in Figure 5 is,
TIT=(4.68xl0-9 )ex p (15,415;1,494) (Days)
Metallography
To illustrate the nature of the oxide films that formed on hafnium in the pretransition, posttransition, and spalling regimes, corrosion coupons from each of these regimes were examined. The nature and thickness of the oxide films that was observed on these coupons is typical of oxide films that have been observed on Hf from over twenty-five years of testing. The corrosion coupons that were examined were removed from 360°C, pH 7 autoclave tests. Scanning electron microscope (SEM)
examinations of both the surface of the oxide layer and its cross-section were performed. Prior to examining the surface of the oxide layer a conductive gold coating was applied. The specimens were sectioned and mounted in a hot press. Prior to mounting, an aluminum foil layer was wrapped around the specimen to improve the oxide edge retention. The specimens were ground to remove approximately 500 .um of material on a Petrodisc-M wheel with a slurry comprised of 15 .um diamond abrasive and Struers DP-Green lubricant. Rough polishing was performed in two steps by first using a DP-Plan fine grinding nylon cloth with a 15-!JlTl diamond suspension, which was then followed by a polish using a met cloth with 6-.um diamond paste. Final polishing was performed using a microcloth with Linde B and an acid polish solution consisting of 870 ml H 2 0, 10 ml HF (49 wt%), 20 ml HN0 3 (70 wt%) and 100 gms Oxalic acid (98 wt%). The purpose of the acid polish solution was to prevent smearing of the metal during the final polishing step. To reveal the grain boundaries in the metal substrate, the specimens were swab etched using a solution comprised of 60 ml H 2 0 2 (30 wt%), 30 ml HN03 (70 wt%), 30 ml ethanol and 2 drops of HF (49 wt%).
Pretransition Oxide
A sample that had attained a final weight gain of 6.2 mg/dm 2 , after 125 days at 360°C, was removed from autoclave testing. This coupon was expected to exhibit cubic pre-transition corrosion kinetics since at 360°C the predicted time to transition (per Eqn. (8» was 174 days. To the eye, the oxide exhibited red, blue, and green iridescence. The surface as seen with the SEM is shown in Figure 6 . In general, the surface is smooth and planar. A network of what appear to be defects is observed to snake through the smooth oxide layer. At higher magnification, these defects are observed to be areas where the oxide has locally cracked. From the size and shape of the pattern produced, the network of cracks appears to follow grain boundaries in the original metal surface. No spalling is observed.
A cross-sectional view of the oxide formed is shown in associated with these nodule-like features is on the order of 1 to 2 ;..tm thick. These local penetrations of oxide appear to correspond to the network of cracks and defects observed in the planar examination.
Posttransition Oxide
Another coupon was removed from autoclave testing after 540 days at 360°C. It had attained a final weight gain of 15.1 mg/dm 2 • This coupon was expected to exhibit linear posttransitioncorrosion kinetics. Visually, the oxide surface was light gray in appearance with some evidence of iridescence.
The surface SEM~xamination of this coupon, see Figure 8 , found that a network of defects existed, which were more pronounced than the cracks observed for the 125-day coupon shown in Figures 6 and 7. The oxide along this network was rough and exhibited evidence of oxide spalling. Within the fractured network were islands of oxide that appeared relatively smooth. These areas are probably regions covered by a thin, uniform, adherent oxide.
As shown in Figure 9 , a cross-sectional SEM examination of this coupon found that for the most part this coupon is covered by an adherent corrosion film that was quite thin, measuring less than 1 ;..tm in thickness. In addition to the thin adherent oxide, there were regions in which the nodular-like oxide existed. In contrast to the pretransition regime, the nodular-like features were observed to be both more frequent and had penetrated deeper (up to 5 JUTl) into the hafnium metal substrate. Relating the surface micrographs of Figure 8 to the cross-sectional micrographs of Figure 9 , the regions surrounded by the fractured network of oxide correspond to the thin adherent portion of the oxide film. On the other hand, the fractured network observed in Figure 8 corresponds to the nonuniform fractured oxide layers observed in Figure 9 . Figure 10 shows this coupon after having been etched to reveal the grain boundary structure. This micrograph illustrates that the nodule-like oxide·features penetrate the hafnium metal substrate at grain boundaries.
Spalling Oxide
A coupon that demonstrated oxide spalling is shown in Figure 11 . This coupon had been exposed for 731 days at 360°C and exhibited a weight loss of 26.7 mg/dm 2 • The oxide layer was off-white in color. Powdery white oxide was easily removed by rubbing. Micrographs of the surface oxide layer are observed and illustrate that the majority of the coupon surface is rough and uneven. However, within the rough regions there are islands of oxide which appear relatively smooth. It is likely that these regions correspond to portions of the oxide layer that are thin, uniform, and adherent.
In cross-section ( Figure 12 ) the majority of the coupon surface is seen to be covered by a fractured, multilayered oxide film, with each layer tending to be on the order of 1 JUTl or less. In addition, the B-T-3232 layered structures of these oxide regions that are spalling appear to be more loosely connected than those in oxides that do not appear to be spalling. This suggests that the layer boundaries are fracture planes for the spalling process.
In summary, the metallograhic examinations have ascertained that in the pretransition regime, where cubic corrosion kinetics are exhibited, a thin « 1 ,urn), adherent, protective oxide layer exists. The onset of the posttransition corrosion regime, where linear corrosion kinetics are observed, occurs as a result of the localized breakdown of the oxide film into a nodular-like oxide film. The breakdown of the . oxide film is associated with the hafnium metal grain boundaries. As the spalling regime is entered, the nodular-like features grow in size, both laterally along the oxide surface and in depth into the metal substrate. Their growth corresponds to an increasing percentage of the total specimen surface. Due to its friable nature, the oxide film is susceptible to a powdery form of spalling, and weight losses occur.
Hf VS. Zircaloy Corrosion Rate Comparison
The corrosion rate of hafnium is less than that for Zircaloys. With the use of Equations (6-8), this difference in corrosion performance can be quantified. Use was made of the relationships presented by Hillner in Reference (12) in comparing the pretransition, posttransition and time-to-transition behavior. The ratios of the relevant Hf to Zircaloy rate equations are summarized in Table 7 for two temperatures, 100°C and 310°C. The data in thi~table illustrate that in both the pretransition and posttransition corrosion regimes, the corrosion resistance of hafnium is significantly greater than that of Zircaloy. In addition, the time to transition of hafnium is longer than that for Zircaloy, e.g., at least 2.5 times greater at 310°C, and increases as temperature decreases.
Influence of Irradiation on Corrosion
Comparisons of the in-reactor corrosion behavior of the Zircaloys with the out-of-reactor or ex-reactor corrosion behavior show that corrosion is enhanced by neutron irradiation [Reference (14)]. For hafnium, data that show the effect of irradiation on corrosion behavior are more limited. Irradiation is expected to affect the corrosion behavior of hafnium in two ways. First, the corrosion product film, when subjected to a neutron flux, is expected to receive some form of radiation damage (e.g., via atom displacements) that could enhance corrosion. Second, due to its large neutron absorption crosssection, the resulting transmutation products of hafnium may affect its corrosion behavior. Naturally occurring hafnium is composed of six stable isotopes: 174Hf, 176Hf, 177Hf, 178Hf, 179Hf, and 18°Hf.
Tantalum, a major transmutation product is formed via the (n,1) reaction of 18°Hf followed by the~ decay of 181Hf to the stable 181Ta isotope. Tungsten and lutetium also are produced, but in much smaller quantities. For the control rod exposed during three seed lives in PWR Core 1, [Reference B-T-3232 (11)], tantalum and lutetium analyses were performed as a function of depth below the surface in regions that had been subjected to a radially (as referenced from the core center) averaged thermal neutron f1uence of 4.17 x 10 20 nvt to 11.6 x 10 20 nvt; (the radially averaged fast fluence (> 1 MeV) ranged from 37 x 10 20 nvt to 54 x 10 20 nvt). This analysis showed that the tantalum and lutetium concentrations are, in general, higher near the material surface and are proportional to neutron fluence (Table 8) .
Corrosion During Irradiation
Due to the confounding effect of neutron absorption on corrosion weight gain measurements, the impact of irradiation on corrosion can only be ascertained through oxide thickness measurements, as obtained via destructive examination. Thus the amount of data available is more limited as compared to weight change data. In-reactor data that have been obtained through destructive metallographic examinations are presented in Table 9 . In this table the average metallographically measured oxide thickness is compared with the range of oxide thicknesses as predicted by the out-of-pile pretransition weight gain correlation, Equation (6).
The following conclusions are drawn from these comparisons. First the in-flux measured oxide thicknesses fall within the expected range of values predicted for pretransition corrosion kinetics, as correlated from the autoclave and out-of-flux studies; therefore, it is concluded that corrosion is not accelerated by irradiation. Second, the increase in tantalum buildup has no effect upon the corrosion rate. Based on these observations, it is expected postirradiated corrosion within the pretransition regime would be unaffected by prior irradiation. Data that would illustrate the effect of irradiation on posttransition corrosion behavior are not available.
4.
CONCLUSiON
High-temperature water corrosion data for hafnium has been evaluated. Hafnium is observed to exhibit pretransition, posttransition, and spalling corrosion regimes. For the pretransition and posttransition regimes, correlations are developed that are functions of time and temperature. For the pretransition regime, cubic corrosion kinetics are observed, whereas in the posttransition regime, linear corrosion kinetics are observed. The data show that for the pretransition and posttransition regimes, hafnium is more corrosion resistant than zirconium or the Zircaloys. Metallography has determined that a thin, protective oxide layer is formed during the pretransition regime. The onset of the posttransition regime and the progression into the spalling regime are associated with the breakdown and loss of the oxide film from regions at hafnium metal grain boundaries. The correlations that are derived may be used as a basis for estimating the amount of corrosion that occurs on hafnium stored in a repository. Neutron irradiation does not adversely affect the corrosion performance of hafnium.
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(1) RatIo of Eqn. (6) 
.r::. Schematic illustration of the three hafnium corrosion regimes and two transition points.
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Test23 ( Spalling regime on the coupon shown in Figures 11 and 12 , illustrating the growth of nodule-like oxide features; (a) 4000x SEM micrograph before etching, (b) 1500x optical micrograph after etching.
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Corrosion Kinetic Weight Gain Data, (mg/dm 2 )(1)
Appendix to B-T-3232 
All weight gaIns and losses are referenced to the non-prefilmed condition. (2) RFT", Removed from test (3) No prefilm applied
